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ELECTRIC DEVICE AND METHOD OF
MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This applicationis a division of U.S. patent application Ser.
No. 13/613,424, filed on Sep. 13, 2012, which application is
based upon and claims the benefit of priority of Japanese
Patent Application No. 2011-259968, filed on Nov. 29, 2011,
the entire contents of which are incorporated herein by refer-
ence.

FIELD

The embodiments discussed herein are related to an elec-
tric device and a method for manufacturing the same.

BACKGROUND

In an electric apparatus such as a mobile phone, use of the
MEMS (Micro Electro Mechanical System) technology is
growing to further miniaturize electric devices mounted
thereon. Electric devices made by using the MEMS technol-
ogy include, for example, a MEMS switch, a micromirror
element, an acceleration sensor, and the like.

Among them, the MEMS switch has the following advan-
tageous characteristics over a semiconductor switch: achiev-
ing a smaller loss of a signal; having a better insulating
characteristic; and being less likely to cause signal distortion.
Itis preferable to further improve these characteristics of such
a MEMS switch.

Technologies relating to the background arts are disclosed
in Japanese Laid-open Patent Publication No. 2004-281412,
and Japanese Laid-open Patent Publication No. 2007-
188866.

SUMMARY

According to one aspect discussed herein, there is provided
anelectric device including a base member, a beam elastically
deformable to bend upward and having an outline partially
defined by a slit formed in the base member, a conductive
pattern provided on a top surface of the beam, a contact
electrode provided above the conductive pattern, the contact
electrode coming into contact with the conductive pattern,
and a bridge electrode elastically deformable, the bridge elec-
trode connecting the conductive pattern and a portion of the
base member outside the outline.

Moreover, according to another aspect discussed herein,
there is provided an electric device including a base member,
abeam elastically deformable to bend upward and having one
end portion and another end portion fixed to the base member,
the beam including a first portion close to the one end portion
and a second portion close to the other end portion, a conduc-
tive pattern provided on a top surface of the second portion of
the beam, and a contact electrode provided above the conduc-
tive pattern and coming into contact with the conductive
pattern, wherein the second portion of the beam is smaller in
thickness than the first portion, and the second portion of the
beam is smaller in length than the first portion.

Furthermore, according to yet another aspect discussed
herein, there is provided a method of manufacturing an elec-
tric device including forming a slit in a base member to define
part of an outline of a beam by the slit, the beam being
elastically deformable to bend upward, forming a conductive
pattern on a top surface of the beam, forming a contact elec-
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trode above the conductive pattern, the contact electrode
coming into contact with the conductive pattern, and forming
a bridge electrode elastically deformable and connecting the
conductive pattern and a portion of the base member outside
the outline.

It is to be understood that both the forgoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exploded perspective view illustrating an
example of a MEMS switch having two contact points;

FIG. 2 is a perspective view illustrating an example of a
MEMS switch having only one contact point;

FIG. 3 is a perspective view of an electric device according
to a first embodiment;

FIG. 4 is an enlarged plan view of the electric device
according to the first embodiment;

FIG. 5 is an overall plan view of the electric device accord-
ing to the first embodiment;

FIG. 6 is a cross-sectional view for explaining a switching
operation of the electric device according to the first embodi-
ment;

FIG. 7 is a cross-sectional view taken along the line III-11I
of FIG. 5 in a state where the switch is on;

FIG. 8 is aperspective view of a model used to calculate the
spring constants respectively a beam and a bridge electrode;

FIGS. 9A to 9M are each a cross-sectional view of the
electric device in the course of manufacturing thereof accord-
ing to the first embodiment;

FIGS. 10A to 10D are each a plan view of the electric
device in the course of manufacturing thereof according to the
first embodiment;

FIG. 11 is a plan view of an electric device according to a
comparative example of the first embodiment;

FIG. 12 is a plan view of an electric device according to a
second embodiment;

FIG. 13 is a cross-sectional view for explaining an opera-
tion of the electric device according to the second embodi-
ment;

FIG. 14 is a plan view of an electric device according to a
third embodiment;

FIG. 15 is a plan view of an electric device according to a
fourth embodiment;

FIG. 16 is a cross-sectional view taken along the line V-V
of FI1G. 15;

FIG. 17 is a plan view of an electric device according to a
fifth embodiment;

FIG. 18 is a cross-sectional view for explaining a switching
operation of the electric device according to the fifth embodi-
ment;

FIGS. 19A to 19E are each a cross-sectional view of the
electric device in the course of manufacturing thereof accord-
ing to the fifth embodiment;

FIG. 20A to 20C are each a plan view of the electric device
in the course of manufacturing thereof according to the fifth
embodiment;

FIG. 21 is a plan view of an electric device according to a
comparative example of the fifth embodiment;

FIG. 22 is a plan view of an electric device according to a
sixth embodiment;

FIG. 23 is across-sectional view taken along the line IX-IX
of F1G. 22;

FIG. 24 is a cross-sectional view illustrating an example of
a method of reducing the thickness of a beam in the sixth
embodiment;
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FIG. 25 is a plan view illustrating another example of the
electric device according to the sixth embodiment; and

FIG. 26 is a cross-sectional view taken along the line X-X
of FIG. 25.

DESCRIPTION OF EMBODIMENTS

Before describing embodiments, preliminary explanation
is given for the present embodiments.

FIG. 1 is an exploded perspective view illustrating an
example of a MEMS switch having two contact points.

This MEMS switch 1 includes a substrate 2, a ground
pattern 3, and first and second signal lines 5 and 6.

Furthermore, a contact point portion 8 supported by a
movable electrode 7 is provided above the first and second
signal lines 5 and 6.

Inthe MEMS switch 1, when a potential difference is given
between the ground pattern 3 and movable electrode 7, elec-
trostatic attraction is generated between these electrodes.
Thus, the movable electrode 7 is bent downward, and the
contact point portion 8 comes into contact with the first and
second signal lines 5 and 6, so that the switch is turned on.

Moreover, the ground pattern 3 is formed to surround the
first and second signal lines 5 and 6. The ground pattern 3 and
the first and second signal lines 5 and 6 thereby form a
coplanar structure. Accordingly, the impedance of each of the
first and second signal lines 5 and 6 can be easily adjusted to
a desired value by appropriately adjusting a stray capacitance
between the ground pattern 3 and a corresponding one of the
first and second signal lines 5 and 6.

However, in the MEMS switch 1, there is a case where the
contact point portion 8 remains stuck to the first and second
signal lines 5 and 6 even when the MEMS switch 1 is turned
off from the on state. Such a phenomenon is called sticking
and is one of causes of failure of the MEMS switch 1.

Sticking notably occurs when a soft and adhesive material
such as gold is used as the material of the contact point portion
8 and the first and second signal lines 5 and 6. Particularly, in
this example, there are two contact points in the contact point
portion 8 which come into contact respectively with the first
and second signal lines 5 and 6. Accordingly, the adhesive
force that the contact point portion 8 receives is made greater
than that in the case where there is one contact point. Thus,
this example results in such a structure that the sticking is
likely to occur.

Meanwhile, FIG. 2 is a perspective view illustrating an
example of a MEMS switch having only one contact point.

This MEMS switch 10 includes a substrate 11, first and
second signal lines 12 and 13, and a movable portion 19.

Among them, the movable portion 19 is formed by stacking
a lower electrode 15, a piezoelectric film 16, an upper elec-
trode 17, and a metal film 18 in this order. Moreover, the
movable portion 19 is provided away from the substrate 11
except for end portions 19« fixed to the substrate 11.

In addition, a part of the first signal line 12 is provided away
from the substrate 11 in accordance with the shape of the
movable portion 19, and an end portion of the first signal line
12 is connected to the metal film 18.

In the MEMS switch 10 described above, a stress is gen-
erated in the piezoelectric film 16 by applying a potential
difference between the lower electrode 15 and the upper
electrode 17, and the movable portion 19 is thus bent toward
the substrate 11 as illustrated by the arrows. Hence, the first
signal line 12 and the second signal line 13 come into contact
with each other and the switch is turned on.

At this time, there is only one contact point P at which the
first signal line 12 and the second signal line 13 come into
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contact with each other. Accordingly, an adhesive force acting
on the first signal line 12 and the second signal line 13 is
smaller than that in the case where there are two contact
points as in FIG. 1, and sticking is thus less likely to occur.

However, in the MEMS switch 10, the movable portion 19
and the first signal line 12 each have a three-dimensional
shape so that the movable portion 19 can be bent downward.
Hence, it is difficult to form a ground pattern around the first
signal line 12.

Accordingly, a coplanar structure as illustrated in FIG. 1
cannot be achieved, and it thus difficult to set the impedances
of the first signal line 12 and the second signal line 13 to
desired values.

The embodiments are described below.

First Embodiment

FIG. 3 is a perspective view of an electric device according
to a first embodiment.

This electric device 30 is a MEMS switch and includes a
base member 31 such as an SOI (Silicon On Insulator) sub-
strate, a conductive pattern 40 through which an RF (Radio
Frequency) signal flows, a bridge electrode 45, and a contact
electrode 47. In this electric device, the RF signal is subjected
to the switching.

Among them, the bridge electrode 45 has both ends con-
nected respectively to the conductive pattern 40 and the base
member 31, and is elastically deformable to bend upward as
will be described later.

Moreover, the contact electrode 47 has a single protrusion
47a configured to come into contact with the conductive
pattern 40 when the switch is in the on state. The contact
electrode 47 functions also as a part of a signal path through
which the RF signal flows.

Furthermore, a first ground pattern 41 and a second ground
pattern 42 constituting a coplanar structure together with the
conductive pattern 40 are provided on the base member 31
around the conductive pattern 40.

End portions 46x and 46y of a bridge-shaped first ground
electrode 46 is connected respectively to a top surface of the
second ground pattern 42 and a top surface of the first ground
pattern 41. In addition, the electric device 30 includes a sec-
ond ground electrode 48. End portions 48x and 48y of the
second ground electrode 48 are also connected respectively to
the second ground pattern 42 and the first ground pattern 41.

Further, the first ground pattern 41 and the second ground
pattern 42 are maintained at a ground potential by the first
ground electrode 46 and the second ground electrode 48.

FIG. 4 is an enlarged plan view of the electric device 30.
Note that the first and second ground electrodes 46 and 48 are
omitted in FIG. 4 to prevent the drawing from becoming
complicated.

As illustrated in FIG. 4, a solder bump functioning as an
external connection terminal 29 is provided on a top surface
of each of the bridge electrode 45 and the contact electrode
47. The external connection terminal 29 is used to input and
output an RF signal S that is subjected to the switching.

Moreover, slits 34a are formed in the base member 31, and
a part of an outline of a beam 34x is defined by the slits 34a.
The beam 34x has one end portion 34c¢ and the other end
portion 344 fixed to the base member 31 and is elastically
deformable to bend upward and downward between these end
portions.

Furthermore, the beam 34.x includes a first portion P1 close
to the one end portion 34¢ and a second portion P2 close to the
other end portion 34d. In the present embodiment, the width
W1 of the first portion P1 is wider than the width W2 of the
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second portion P2. Hence, the stiffness of the second portion
P2 is made lower than that of the first portion P1, so that the
beam 34x can easily elastically deform to bend upward in the
first portion P1.

There are no particular limitations on the widths described
above. For example, the width W1 of the first portion P1 is
150 um and the width W2 of the second portion P2 is 30 pm.
Furthermore, for example, the length X1 of the first portion
P11s300 pum and the length X2 ofthe second portion P2 is 400
pm.

In addition, a piezoelectric element Q is formed in the first
portion P1 of the beam 34.x.

The piezoelectric element Q is formed by stacking a lower
electrode 36a, a piezoelectric film 37, and an upper electrode
38a in this order. Upon application of a voltage, the piezo-
electric element QQ generates a drive force which bends the
beam 34x upward. The voltage is applied to the piezoelectric
element Q via the external connection terminals 29 formed
respectively on a top surface of the lower electrode 364 and a
top surface of the upper electrode 38a.

There are no particular limitations on the materials of the
piezoelectric element Q. In the present embodiment, PZT
(lead zirconate titanate) is used as the material of the piezo-
electric film 37, and platinum is used as the material of the
lower electrode 364 and the upper electrode 38a.

Meanwhile, the conductive pattern 40 is formed in the
second portion P2 of the beam 34 in a size that is accommo-
dated within the second portion P2.

There are no particular limitations on the extending direc-
tion of the conductive pattern 40. In the present embodiment,
the conductive pattern 40 is formed to extend in the extending
direction D1 ofthe slits 34a beside the conductive pattern 40.
Further, an end portion of the conductive pattern 40 is
mechanically connected to a portion of the base member 31
outside the outline of the beam 34x by the bridge electrode 45.

There are no particular limitations on the extending direc-
tion D2 of the bridge electrode 45. In the present embodiment,
the extending direction D2 is a direction orthogonal to the
extending direction D1 of the slits 34a.

Such an extending direction allows the RF signal S flowing
through the conductive pattern 40 in the extending direction
D1 to be led out in the middle of the conductive pattern 40 via
the bridge electrode 45 in the extending direction D2.

The conductive pattern 40 has a function of leading out the
RF signal S to a position where no interference with the
contact electrode 47 occurs. When the RF signal S is lead out
in the middle of the conductive pattern 40 by the bridge
electrode 45 as in the above, the length [.1 of the conductive
pattern 40 which is required to lead out the RF signal S can be
made shorter.

Accordingly, the electrical resistance of the conductive
pattern 40 is reduced compared to the case where no bridge
electrode 45 is provided, and the loss in the RF signal S can be
suppressed. Suppression of loss by reducing the electrical
resistance can be achieved not only in the case of the RF
signal S but also in the case where a DC (Direct Current)
signal flows through the conductive pattern 40.

FIG. 5 is an overall plan view of the electric device 30.

As illustrated in FIG. 5, the first ground electrode 46
extends above the beam 34x from the first ground pattern 41
and the second ground pattern 42. Similarly, the second
ground electrode 48 extends above the beam 34x from the first
ground pattern 41 and the second ground pattern 42.

The external connection terminal 29 for grounding the first
ground pattern 41 and the second ground pattern 42 is pro-
vided on the top surface of the second ground electrode 48.
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The first ground pattern 41 and the second ground pattern
42 form the coplanar structure together with the conductive
pattern 40. Hence, the impedances of the paths through which
the RF signal S flows can be adjusted by adjusting the interval
between the first ground pattern 41 and conductive pattern 40,
and the interval between the second ground pattern 42 and
conductive pattern 40.

Next, a switching operation of the electric device 30 is
described.

FIG. 6 is a cross-sectional view for explaining the switch-
ing operation of the electric device 30 and corresponds to a
cross-section taken along the line I-I of FIG. 5. In FIG. 6, the
external connection terminals 29 are omitted.

As illustrated in FIG. 6, the base member 31 is an SOI
substrate formed by stacking a silicon oxide film 33 and a
silicon film 34 on a silicon substrate 32 in this order.

In the base member 31, the silicon substrate 32 and the
silicon oxide film 33 are removed in a portion under the beam
34x. Accordingly, the beam 34x does not receive a straining
force of the silicon oxide film 33 and thus can elastically
deform to bend upward and downward.

Moreover, a thermal oxide film is formed as an underlying
insulating film 35 on the silicon film 34 and the aforemen-
tioned piezoelectric element Q is formed on the underlying
insulating film 35.

In actual usage, a direct current power supply E is con-
nected between the lower electrode 36a and the upper elec-
trode 38a of the piezoelectric element Q, and a drive voltage
V of about 10 V is applied between these electrodes. The
piezoelectric film 37 is thereby made to contract in an in-
plane direction by the piezoelectric effect.

The beam 34x is thereby bent upward and the conductive
pattern 40 comes into contact with the protrusion 474 of the
contact electrode 47. The electric device 30 is thus turned on.
The raised amount of the beam 34x due to bending is about 1
um in a portion where the beam 34x is most bent.

Note that the electric device 30 can be turned of by stop-
ping the application of the drive voltage V.

FIG. 7 is a cross-sectional view taken along the line III-11I
of FIG. 4 in the state where the switch is on. Note that the
external connection terminal 29 is omitted in FIG. 7.

As illustrated in FIG. 7, when the switch is turned on and
the beam 34x is bent, the bridge electrode 45 connected to the
conductive pattern 40 is also bent. Accordingly, the move-
ment of the beam 34x is not restricted by the bridge electrode
45.

FIG. 8 is aperspective view of a model used to calculate the
spring constants respectively of the beam 34x and the bridge
electrode 45.

The beam 34x was configured as follows. The length
X1+X2 was 700 um, the width W was 30 pum, the thickness t1
was 15 um, and the material of the beam 34x was silicon.
Moreover, the end portions 34¢ and 344 of the beam 34x were
fixed ends.

Meanwhile, the bridge electrode 45 was configured as fol-
lows. The length BW1 was 80 pm, the width BP1 was 30 pm,
the thickness t, was 15 um, and the material of the bridge
electrode 45 was gold. Moreover, one end portion of the
bridge electrode 45 was a fixed end, and the other end portion
thereof was a free end.

The spring constants were calculated by using such a
model. As a result, the spring constant of the beam 34x was
1605.8 N/m, while the spring constant of the bridge electrode
45 was 34 N/m. From this result, it is found that the spring
constant of the bridge electrode 45 is sufficiently smaller than
the spring constant of the beam 34.x.
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Accordingly, the movement of the beam 34x is not
restricted by the bridge electrode 45 as described in FIG. 7.
Hence, the drive voltage V for driving the beam 34x is sub-
stantially the same as that in the case where there is no bridge
electrode 45, and the bridge electrode 45 can be driven at the
low drive voltage V.

In the electric device 30 of the present embodiment
described above, the RF signal S flowing through the conduc-
tive pattern 40 is led out to the outside via the bridge electrode
45 as illustrated in FIG. 4. Accordingly, the length L1 of the
conductive pattern 40 can be made small. Thus, it is possible
to reduce the electric resistance of the conductive pattern 40,
and to suppress the loss in the RF signal S due to the conduc-
tive pattern 40.

Moreover, the width W1 of the first portion P1 of the beam
34x is wider than the width W2 of the second portion P2.
Accordingly, it is possible to form the piezoelectric element Q
in a large region of the first portion P1 and thereby increase
the driving force generated by the piezoelectric element Q.

Furthermore, the stiffness of the second portion P2 is made
lower than that of the first portion P1 by reducing the width
W2 of the second portion P2. Accordingly, it is possible to
reduce the drive voltage V applied to the piezoelectric ele-
ment Q to bend the beam 34x upward.

In addition, as illustrated in FIG. 5, the first ground elec-
trode 46 set to the ground potential is provided beside the
contact electrode 47, and hence the contact electrode 47 and
the first ground electrode 46 form the coplanar structure.
Accordingly, the impedance of the path through which the RF
signal S flows can be easily adjusted by adjusting the interval
between the first ground electrode 46 and the contact elec-
trode 47. Therefore, the impedance match with an external
device is easily achieved.

Similarly, the second ground electrode 48 forms the copla-
nar structure together with the bridge electrode 45. Accord-
ingly, the impedance of the path can be adjusted by adjusting
the interval between the second ground electrode 48 and the
bridge electrode 45.

Moreover, only one protrusion 47a is provided in the con-
tact electrode 47. Hence, the adhesive force between the
contact electrode 47 and the conductive pattern 40 can be
made smaller than the case where a plurality of protrusions
47a are provided. It is thus possible to suppress sticking in
which the contact electrode 47 remains stuck to the conduc-
tive pattern 40.

Next, a method of manufacturing the electric device 30 is
described.

FIGS. 9A to 9M are each a cross-sectional view of the
electric device 30 in the course of manufacturing thereof
according to the present embodiment.

In FIGS. 9A to 9M, the same elements as those described
above are denoted by the same reference numerals and
description thereof are omitted. Moreover, in each of FIGS.
9A to 9M, a first cross section corresponds to a cross section
taken along the line I-I of FIG. 5 and a second cross section
corresponds to a cross section taken along the line II-II of
FIG. 5. Furthermore, a third cross section corresponds to a
cross section taken along the line III-I1I of FIG. 5.

The electric device 30 is manufactured as follows by using
a MEMS technology.

First, as illustrated in FIG. 9A, an SOI substrate is prepared
as the base member 31.

The thickness of the silicon substrate 32 in the base mem-
ber 31 is about 525 um and the thickness of the silicon oxide
film 33 is about 4 pum. Moreover, the thickness of the silicon
film 34 is about 15 um.
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The silicon film 34 serves as an underlying layer of the
bridge electrode 45 described above. Accordingly, in order to
prevent the RE signal S flowing through the bridge electrode
45 from flowing into the silicon film 34, the resistivity of the
silicon film 34 is preferably set as high as possible, for
example to 100 Qcm or more, by controlling impurities in the
silicon film 34.

Next, steps performed to obtain a cross-sectional structure
illustrated in FIG. 9B are described.

First, a thermal oxidation film is formed to a thickness of
about 500 nm as the underlying insulating film 35 by ther-
mally oxidizing a surface of the silicon film 34. The thermal
oxidation occurs also in a back surface of the silicon substrate
32 and the underlying insulating film 35 is thereby formed
also in the back surface.

Then, a titanium film having a thickness of about 50 nm and
a platinum film having a thickness of about 200 nm are
formed in this order on the underlying insulating film 35 by
sputtering. These stacked films function as a first conductive
film 36. The titanium film in the first conductive film 36 serves
as a tight adhesion film.

Next, a PZT film is formed as the piezoelectric film 37 on
the first conductive film 36 by a sol-gel method. In the sol-gel
method, formation of a PZT coating film and baking thereof
are performed a plurality of times until the thickness of the
piezoelectric film 37 reaches about 1 pm. The substrate tem-
perature during baking is about 450° C.

Then, a platinum film is formed to a thickness of about 200
nm on the piezoelectric film 37 as a second conductive film 38
by sputtering.

Thereafter, the piezoelectric film 37 is subjected to RTA
(Rapid Thermal Anneal) at the substrate temperature of about
650° C. and PZT in the piezoelectric film 37 is crystallized.
The piezoelectric characteristic of the piezoelectric film 37 is
thereby improved.

Next, as illustrated in FIG. 9C, the second conductive film
38 is patterned by ion milling and the upper electrode 38a is
thereby formed.

Then, the piezoelectric film 37 is wet-etched by using a
buffered hydrofluoric acid solution as an etchant and an unil-
lustrated resist pattern as a mask, and the piezoelectric film 37
is thereby patterned.

Next, the first conductive film 36 is patterned by ion milling
and the lower electrode 364 is thereby formed.

The piezoelectric element Q formed by stacking the lower
electrode 36a, the piezoelectric film 37, and the upper elec-
trode 384 in this order is formed by performing the steps
described above.

Thereafter, the thermal oxidation films formed as the
underlying insulating films 35 are removed by wet etching by
using the buffered hydrofluoric acid solution as an etchant.
Hence, the underlying insulating film 35 remains only in a
portion under the piezoelectric element Q. Note that the
piezoelectric element Q is masked by an unillustrated resist
pattern in the wet etching and the resist pattern is removed
after the wet etching is completed.

FIG. 10A is a plan view after the completion of this step. In
the FIG. 9C described above, the first cross section corre-
sponds to a cross section taken along the line I-I of FIG. 10A
and the second cross section corresponds to a cross section
taken along the line II-II of FIG. 10A. Moreover, the third
cross section of FIG. 9C corresponds to a cross section taken
along the line III-1IT of FIG. 10A.

Note that, the underlying insulating film 35 is omitted in
FIG. 10A. The same applies to FIGS. 10B to 10D to be
described later.
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As illustrated in FIG. 10A, the lower electrode 364, the
piezoelectric film 37, and the upper electrode 38a each have
a rectangular shape in a plan view.

Next, as illustrated in FIG. 9D, a titanium film having a
thickness of about 50 nm and a gold film having a thickness of
about 500 nm are formed in this order on portions of the
silicon film 34 which are away from the piezoelectric element
Q, as the conductive pattern 40 and the first and second
ground patterns 41 and 42 by sputtering.

The titanium film and the gold film are patterned into
shapes of the conductive pattern 40 and the first and second
ground patterns 41 and 42 by a liftoff method using an unil-
lustrated resist pattern. Moreover, the titanium film formed in
this step serves as a tight adhesion film.

FIG. 10B is a plan view after the completion of this step. In
FIG. 9D described above, the first cross section corresponds
to a cross section taken along the line I-I of FIG. 10B and the
second cross section corresponds to a cross section taken
along the line II-1I of FIG. 10B. Moreover, the third cross
section of FIG. 9D corresponds to a cross section taken along
the line III-I1T of FIG. 10B.

As illustrated in FIG. 10B, the conductive pattern 40 is
formed to have an elongated shape in a plan view and the first
ground pattern 41 and the second ground pattern 42 are
formed respectively on both sides of the conductive pattern
40.

Then, as illustrated in FIG. 9E, a photoresist is applied onto
the entire top surface of the base member 31 and a first resist
pattern 38 is formed by exposing and developing the photo-
resist. Thereafter, the silicon film 34 is dry-etched by using
the first resist pattern 38 as a mask and the slits 34a having a
width of about 2 um are thus formed in the silicon film 34.

Deep-RIE (Deep Reactive Ion Etching) allowing a high
anisotropy of etching is preferably employed as the dry etch-
ing. In the Deep-RIE, supplying SF; and CF alternately in
an etching atmosphere causes etching and side wall protec-
tion achieved by deposits to proceed alternately and the side
walls of the slits 34a can be formed perpendicular to the top
surface of the base member 31.

Thus, a portion of the silicon film 34 is defined as the beam
34x by forming the slits 34a.

Thereafter, the first resist pattern 38 is removed.

FIG. 10C is a plan view after the completion of this step. In
FIG. 9E described above, the first cross section corresponds
to a cross section taken along the line I-I of FIG. 10C and the
second cross section corresponds to a cross section taken
along the line II-1I of FIG. 10C. Moreover, the third cross
section of FIG. 9E corresponds to a cross section taken along
the line III-I1T of FIG. 10C.

Asillustrated in FIG. 10C, two slits 34a are formed and the
piezoelectric element Q and the conductive pattern 40 are
provided between the slits 34a.

Subsequently, as illustrated in FIG. 9F, a silicon oxide film
is formed to a thickness of about 5 um on the entire top surface
of'the base member 31 as a sacrificial insulating film 43 by a
plasma CVD method.

Then, first and second recessed portions 434 and 435 and
first to fourth openings 43¢ to 43fare formed in the sacrificial
insulating film 43 away from each other by photolithography
and etching.

Among these, the second recessed portion 435 is formed to
be deeper than the first recessed portion 43a and the first to
fourth opening portions 43¢ to 43f are formed to be deeper
than any of the first and second recessed portions 43a and 435.

The photolithograph and etching are each performed a
plurality of times to form the recessed portions and the open-
ings which are different in depth as described above.
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There are no particular limitations on the depth of each of
the recessed portions and the opening portions. In the present
embodiment, the depth of the first recessed portion 43a is
about 1.7 um and the depth of the second recessed portion 435
is about 3.7 um. Moreover, the depth of each the first to fourth
openings 43¢ to 43fis about 5 um which is the same as the
thickness of the sacrificial insulating film 43.

Next, as illustrated in FIG. 9G, a molybdenum film having
athickness of about 50 nm and a gold film having a thickness
of'about 500 nm are formed in this order on a top surface of
the sacrificial insulating film 43, inner surfaces ofthe first and
second recessed portions 43a and 435, and inner surfaces of
the first to fourth openings 43¢ to 43f; as a seed layer 39 by
sputtering.

Next, steps performed to obtain a cross-sectional structure
illustrated in FIG. 9H are described.

First, a photoresist is applied onto the seed layer 39 and a
second resist pattern 52 is formed by exposing and develop-
ing the photoresist. The second resist pattern 52 includes a
window 52a overlapping the first opening 43¢ and the fourth
opening 43f described above.

Then, a gold film is grown to a thickness of about 3 pm in
the window 524 by electroplating with the seed layer 39 used
as a power feeding layer. This gold film functions as the
bridge electrode 45.

As illustrated in circles of dotted lines in the third cross
section, the second resist pattern 52 is formed in portions of
side surfaces of the first opening 43¢ and the fourth opening
43f'where no bridge electrode 45 is formed. Accordingly, no
gold film grows in these portions.

Thereafter, the second resist pattern 52 is removed.

Next, as illustrated in FIG. 91, a photoresist is applied onto
the seed layer 39 again and a third resist pattern 53 is formed
by exposing and developing the photoresist.

Then, a gold film is grown on the seed layer 39 in a portion
not cover with the third resist pattern 53 by electroplating
with the seed layer 39 used as an power feeding layer. This
gold film functions as the first ground electrode 46, the con-
tact electrode 47, and the second ground electrode 48.

As illustrated in the first cross section, the first ground
electrode 46 is formed in the first recessed portion 43¢ and the
distance between the first ground electrode 46 and the upper
electrode 384 can be adjusted by adjusting the depth of the
first recessed portion 43a.

Meanwhile, the protrusion 47a reflecting the second
recessed portion 435 is formed in the contact electrode 47.

Moreover, as illustrated in the third cross section, a portion
of'the bridge electrode 45 which is formed outside the fourth
opening 43f is covered with the third resist pattern 53.
Accordingly, the film thickness of this portion is not increased
by the newly-formed gold film and the flexibility of the bridge
electrode 45 is thus maintained.

Furthermore, a portion of the bridge electrode 45 which is
formed in the fourth opening 43f1s increased in film thickness
by the newly-formed gold film and the strength of this portion
is thus increased.

In addition, as illustrated in the second cross section, por-
tions of the contact electrode 47 which are formed in the
second opening 434 and the third opening 43¢ function
respectively as a first anchor 47x and a second anchor 47y
fixing the bridge-shaped contact electrode 47 to the silicon
film 34.

There are no particular limitations on the thickness of the
contact electrode 47. In the present embodiment, the thick-
ness T1 of the contact electrode 47 in a portion above the slits
34a is set to about 20 um by setting the thickness of the gold
film formed in this step to about 20 pm.
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Note that the thickness T2 of the bridge electrode 45 cov-
ered with the third resist pattern 53 as described above is
about 3 um in a portion above the slits 34a and is smaller than
the thickness T1 of the contact electrode 47.

FIG. 10D is a plan view after the completion of this step. In
FIG. 91 described above, the first cross section corresponds to
a cross section taken along the line I-I of FIG. 10D and the
second cross section corresponds to a cross section taken
along the line II-II of FIG. 10D. Moreover, the third cross
section of FIG. 91 corresponds to a cross section taken along
the line IIT-I1I of FIG. 10D.

Next, steps performed to obtain a cross-sectional structure
illustrated in FIG. 9] are described.

First, the seed layer 39 exposed on the top surface of the
sacrificial insulating film 43 is removed by wet etching with a
mixed solution of iodine and potassium iodide used as an
etchant.

Then, a photoresist is applied to a back surface of the
silicon substrate 32 and a fourth resist pattern 54 is formed by
exposing and developing the photoresist.

Then, the silicon substrate 32 is dry-etched by Deep-RIE
with the fourth resist pattern 54 used as a mask and a partial
region R of the silicon substrate 32 is removed. There are no
particular limitations on an etching gas used in the dry etch-
ing. In the present embodiment, SF4 and C,F are alternately
supplied into an etching atmosphere as the etching gas,

Before the fourth resist pattern 54 is formed, the thermal
oxidation film remaining on the back surface of the silicon
substrate 32 may be removed in advance by using the hydrof-
Iuoric acid solution to prevent the thermal oxidation film from
functioning as a mask for the dry etching in this step.

Next, as illustrated in FIG. 9K, the silicon oxide film 33 in
the partial region R is removed by dry etching using CF, gas
as an etching gas, with the fourth resist pattern 54 used as a
mask again. Hence, a back surface of the silicon film 34 is
exposed in the partial region R.

Thereafter, the fourth resist pattern 54 is removed.

Then, as illustrated in FIG. 9L, the sacrificial insulating
film 43 is removed by etching using hydrofluoric acid vapor.

Hence, the beam 34 is released from the restraining force
of the silicon oxide film 33 and can thereby elastically
deform.

Thereafter, as illustrated in FIG. 9M, only the molybdenum
film in the seed layer 39 remaining under the contact electrode
47 is removed by wet etching with a mixed solution of phos-
phoric acid, acetic acid, and nitric acid used as an etchant.

As aresult of this etching, the gold film with low resistance
is exposed in the protrusion 47a of the contact electrode 47.
Accordingly, it is possible to reduce the contact resistance
between the conductive pattern 40 and the contact electrode
47 when the beam 34x elastically deforms to bend upward.

The distance between the protrusion 474 and the conduc-
tive pattern 40 after the completion of this step is about 0.3
pm.

The basic structure of the electric device 30 according the
present embodiment is thus completed. Hereafter, a step of
bonding solder bumps to required portions of the electric
device 30 as the external connection terminals 29 (see FI1G. 4)
is performed. However, details of this step are omitted.

Next, description is given of a comparative example of the
present embodiment,

FIG. 11 is a plan view of an electric device 81 according to
the comparative example. In FIG. 11, the same elements as
those in the present embodiment are denoted by the same
reference numerals used in the present embodiment and
description thereof is omitted below.
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As illustrated in FIG. 11, the electric device 81 is a MEMS
switch of such a type that the beam 34 is bent by the piezo-
electric element Q. The electric device 81 includes a ground
pattern 49 forming a coplanar structure together with the
conductive pattern 40 described above.

The electric device 81 is different from the present embodi-
ment in that there is no bridge electrode 45, first ground
electrode 46, or second ground electrode 48 illustrated in
FIG. 5.

Since there is no bridge electrode 45, the RF signal S
flowing through the conductive pattern 40 cannot be led out to
the outside across the slit 34a. Hence, there is a need to
provide a pad 40aq at a terminal end of the conductive pattern
40 and to extract the RF signal S from the pad 40a.

As a result, the conductive pattern 40 extends over the
entire length of the second portion P2 of the beam 34x and the
length L1 of the conductive pattern 40 thus is longer than that
in the present embodiment. The electrical resistance of the
conductive pattern 40 thereby increases and a loss occurs in
the RF signal S.

Reducing the electrical resistance by increasing the film
thickness of conductive pattern 40 is conceivable. However,
when the film thickness is increased, a strong tensile stress
occurs in the conductive pattern 40 due to gold which is the
material of the conductive pattern 40. Accordingly, the beam
34x warps upward even when the switch is set to the off state
and the distance between the protrusion 474 and the conduc-
tive pattern 40 cannot be sufficiently maintained.

Meanwhile, when the line width of the conductive pattern
40 is increased to reduce the electric resistance of the con-
ductive pattern 40, the width of the beam 34x the second
portion P2 also needs to be increased. Accordingly, the stiff-
ness of the second portion P2 increases and the drive voltage
required to bend the beam 34x thereby increases.

Moreover, in the electric device 81, no first ground elec-
trode 46 (see F1G. 5) is provided beside the contact electrode
47. Accordingly, the impedance of the signal path of the RF
signal S cannot be adjusted by adjusting the distance between
the contact electrode 47 and the first ground electrode 46.

Second Embodiment

As will be described below, an electric device of a second
embodiment is such a MEMS switch that a drive voltage can
be reduced compared to that of the first embodiment.

FIG. 12 is a plan view of the electric device 60 according to
the present embodiment. In FIG. 12, the same elements as
those described in the first embodiment are denoted by the
same reference numerals used in the first embodiment and
description thereof is omitted below.

As illustrated in FIG. 12, in the present embodiment, a
lower electrode 36a extends to portions where the first and
second ground patterns 41 and 42 (see FIG. 5) are formed in
the first embodiment. The lower electrode 364 is configured
to also function as the first and second ground patterns 41 and
42.

FIG. 13 is a cross-sectional view for explaining an opera-
tion of the electric device 60 and corresponds to a cross
section taken along the line IV-IV of FIG. 12.

As illustrated in FIG. 13, in order to turn the electric device
30 on, a direct current power supply E having a voltage value
of'about 7 V is connected to an upper electrode 38a and the
lower electrode 364 is set to a ground potential.

This causes a first drive voltage V, to be applied between
the lower electrode 364 and the upper electrode 38a, and a
second drive voltage V, to be applied between the upper
electrode 38a and a first ground electrode 46.
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When the two drive voltages V, and V, are used in this
manner, a piezoelectric element Q is driven by the first drive
voltage V, and, in addition, an electrostatic attraction F
occurs between the upper electrode 38a and the first ground
electrode 46 by the second drive voltage V,. Therefore, the
beam 34 is bent also by this electrostatic attraction F.

Accordingly, the beam 34x is bent sufficiently even when
the first drive voltage V, applied to the piezoelectric element
Q is reduced. Thus, the drive voltage required for switching
can be reduced compared to that in the first embodiment.

Although the values of the first drive voltage V, and the
second drive voltage V, are the same since the single direct
current power supply Eis used, the present embodiment is not
limited to this configuration. For example, the first and second
drive voltages V| and V, may have different values by sepa-
rately applying voltages to the lower electrode 364, the upper
electrode 38a, and the first ground electrode 46 with a plural-
ity of direct current power supplies E.

Furthermore, instead of reducing the drive voltage as
described above, the voltage value of the direct current power
supply E may be set to about 10V which is the same value as
the drive voltage V in the first embodiment. This causes both
of the electrostatic attraction F and the drive force of the
piezoelectric element Q to act on a protrusion 47a, and the
protrusion 47a is thus pressed strongly against a conductive
pattern 40. Accordingly, even when a film of an organic
materials and the like is formed on a surface of the protrusion
47a due to long-term usage, this film is broken by turning the
switch on. Hence, an increase in on resistance due to the film
is prevented, and the life of the electric device 60 can be made
longer.

Third Embodiment

In a third embodiment, description is given of an electric
device which can be made smaller than that in the first
embodiment.

FIG. 14 is a plan view of the electric device 65 according to
the present embodiment. In FIG. 14, the same clements as
those described in the first embodiment are denoted by the
same reference numerals used in the first embodiment and
description thereof is omitted below.

The electric device 65 is a MEMS switch and includes a
narrow portion Pn in an end portion 34d of a beam 34w, the
narrow portion Pn having a width Wn narrower than the width
W2 of a second portion P2.

The stiffness of the narrow portion Pn having the narrow
width Wn is lower than that of the second portion P2. Accord-
ingly, even when a length 1.2 which is a total length of the
second portion P2 and the narrow portion Pn is reduced, the
second portion P2 can easily elastically deform to bend
upward by a drive force of a piezoelectric element Q. Hence,
the device can be made smaller.

Fourth Embodiment

An electric device of a fourth embodiment is a MEMS
switch whose life can be made longer as described below.

FIG. 15 is a plan view of the electric device 68 according to
the present embodiment. In FIG. 15, the same clements as
those described in the first embodiment are denoted by the
same reference numerals used in the first embodiment and
description thereof is omitted below.

In the electric device 68, a third portion P3 having a width
W3 wider than the width W2 of a second portion P2 is formed
in a portion of a beam 34x closer to the other end portion 344
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than the second portion P2. A piezoelectric element Q is
provided also in this third portion P3.

The shape of the beam 34.x in the third portion P3 is similar
to the shape of the beam 34 in a first portion P1. Making the
width W3 wider than the width W2 of the second portion P2
allows the piezoelectric element Q to be formed in a large
region of the third portion P3, and thereby increase the drive
force of the piezoelectric element Q.

Moreover, a conductive pattern 40 is formed to have a
substantially square shape in a plan view, and a bridge elec-
trode 45 and a contact electrode 47 are disposed above the
conductive pattern 40. In the present embodiment, the bridge
electrode 45 and the contact electrode 47 are arranged in aline
along a signal path of an RF signal S.

FIG. 16 is a cross-sectional view taken along the line V-V
of FIG. 15.

In the first embodiment, the first anchor 47x and the second
anchor 47y (see FIG. 9]) fixing the contact electrode 47 to the
silicon film 34 are formed. However, in the present embodi-
ment, only a first anchor 47x is formed, and an end portion of
the contact electrode 47 close to a protrusion 47a is a free end.

In the electric device 68 described above, the two piezo-
electric elements Q are formed as illustrated in FIG. 15.
Accordingly, the protrusion 47a of the contact electrode 47 is
pressed more strongly against the conductive pattern 40 than
in the case where there is only one piezoelectric element Q. As
described in the second embodiment, such an increase in
pressing force suppresses an increase in on resistance due to
long-term usage of the electric device. Hence, the life of the
electric device can be made longer in the present embodi-
ment.

Fifth Embodiment

In each of the first to fourth embodiments, description is
given of the electric device in which the beam 34x is driven by
the piezoelectric element Q.

In contrast, in the present embodiment, description is given
of an electric device in which a beam 34x is driven by an
electrostatic attraction.

FIG. 17 is aplan view of the electric device 70 according to
the present embodiment. In FIG. 17, the same elements as
those described in the first to fourth embodiments are denoted
by the same reference numerals used in these embodiments
and description thereof is omitted below.

The electric device 70 is a MEMS switch and includes a
first drive electrode 71 on a top surface of the beam 34xin a
first portion P1 and also includes a second drive electrode 72
above the first drive electrode 71.

Furthermore, a solder bump is bonded to the top surface of
the first drive electrode 71 as an external connection terminal
29, and an opening 46a from which the external connection
terminal 29 is exposed is formed in a first ground electrode 46.

Next, a switching operation of the electric device 70 is
described.

FIG. 18 is a cross-sectional view for explaining the switch-
ing operation of the electric device 70 and corresponds to a
cross section taken along the line VI-VI of FIG. 17.

In actual usage, a direct current power supply E is con-
nected between the first drive electrode 71 and the second
drive electrode 72, and a drive voltage V of about 10 V is
applied between these electrodes to generate an electrostatic
attraction F between these electrodes. The beam 34x is
thereby bent upward and a protrusion 47a of a contact elec-
trode 47 comes into contact with a conductive pattern 40. The
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electric device 70 is thus turned on. Note that the electric
device 70 can be turned off by stopping the application of the
drive voltage V.

In the present embodiment described above, no piezoelec-
tric element Q of the first embodiment is formed as illustrated
in FIG. 17. Thus, a formation step of the piezoelectric element
Q is unnecessary, and cost reduction of the electric device 70
can be achieved.

Furthermore, as in the first embodiment, an RF signal S is
led out to the outside from a middle of the conductive pattern
40 via a bridge electrode 45. Accordingly, it is possible to
reduce the length [.3 of the conductive pattern 40 and thereby
suppress a loss in the RF signal S.

Further, the first ground electrode 46 and a second ground
electrode 48 form a coplanar structure together with the
bridge electrode 45 and the contact electrode 47. Accord-
ingly, as in the first embodiment, the impedances of paths
through which the RF signal S flows can be easily adjusted.

Next, a method of manufacturing the electric device 70 is
described.

FIGS. 19A to 19E are each a cross-sectional view of the
electric device 70 in the course of manufacturing thereof
according to the present embodiment.

InFIGS. 19A to 19E, the same elements as those described
in the first to fourth embodiments are denoted by the same
reference numerals used in these embodiments and descrip-
tion thereof are omitted.

In each of FIGS. 19A to 19E, a first cross section corre-
sponds to a cross section taken along the line VI-VI of FIG. 17
and a second cross section corresponds to a cross section
taken along the line VII-VII of FIG. 17. Moreover, a third
cross section corresponds to a cross section taken along the
line VIII-VIII of FIG. 17.

The electric device 70 is manufactured as follows by using
a MEMS technology.

First, a base member 31, which may be an SOI substrate, is
prepared as illustrated in FIG. 19A. Then, a titanium film and
a gold film are formed in this order on a silicon film 34 of the
base member 31 by sputtering. Thereafter, these films are
patterned by a lift-off method and the conductive pattern 40,
first and second ground patterns 41 and 42, and the first drive
electrode 71 are thereby formed.

There are no particular limitations on the thicknesses of the
titanium film and the gold film. In the present embodiment,
the titanium film is formed to have a thickness of about 50 nm
and a gold film is formed to have a thickness of about 500 nm.

FIG. 20A is a plan view after the completion of this step. In
FIG. 19A described above, the first cross section corresponds
to a cross section taken along the line VI-VI of FIG. 20A and
the second cross section corresponds to a cross section taken
along the line VII-VII of FIG. 20A. Moreover, the third cross
section of FIG. 19A corresponds to a cross section taken
along the line VIII-VIII of FIG. 20A.

Next, as illustrated in FIG. 19B, slits 34a each having a
width of about 2 um are formed in the silicon substrate 34 by
dry etching. Part of the silicon film 34 is defined as the beam
34x by the slits 34a.

Since a method of forming the slits 34q is the same as that
described in the first embodiment with reference to FIG. 9E,
description thereof is omitted.

FIG. 20B is a plan view after the completion of this step. In
FIG. 19B described above, the first cross section corresponds
to a cross section taken along the line VI-VI of FIG. 20B and
the second cross section corresponds to a cross section taken
along the line VII-VII of FIG. 20B. Moreover, the third cross
section of FIG. 19B corresponds to a cross section taken
along the line VIII-VIII of FIG. 20B.
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As illustrated in FIG. 20B, the beam 34x having an outline
partially defined by the slits 34a includes the first portion P1
and a second portion P2. The conductive pattern 40 is formed
to be small enough accommodated within the second portion
P2 out of these portions.

Part of the first drive electrode 71 is formed in the first
portion P1.

Moreover, as in the first embodiment, the first portion P1 is
formed such that the width W1 thereof is wider than the width
W2 of the second portion P2.

Next, as illustrated in FIG. 19C, a sacrificial insulating film
43 and the bridge electrode 45 are formed on the base member
31 by following the steps of FIG. 9F to 9H of the first embodi-
ment. As described in the first embodiment, the bridge elec-
trode 45 is formed by electroplating in which a seed layer 39
is used as a power feeding layer.

Subsequently, as illustrated in FIG. 19D, a third resist
pattern 53 is formed on the seed layer 39.

Then, a gold film is grown on a portion of the seed layer 39
which is not covered with the third resist pattern 53, by
electroplating with the seed layer 39 used as a power feeding
layer. The gold film functions as the first ground electrode 46,
the contact electrode 47, the second ground electrode 48, and
the second drive electrode 72.

There are no particular limitations on the thickness of the
gold film. In the present embodiment, the gold film is formed
to a thickness of about 20 um. Moreover, in the first ground
electrode 46 thus formed, the opening 464 is formed with the
third resist pattern 53 functioning as a mask for plating.

Thereafter, the steps of FIGS. 9J to 9L. described in the first
embodiment are performed and the beam 34x elastically
deformable to bend upward and downward is thereby formed
as illustrated in FIG. 19E.

FIG. 20C is a plan view after the completion of this step. In
FIG. 19E described above, the first cross section corresponds
to a cross section taken along the line VI-VI of FIG. 20C and
the second cross section corresponds to a cross section taken
along the line VII-VII of FIG. 20C. Moreover, the third cross
section of FIG. 19E corresponds to a cross section taken along
the line VIII-VIII of FIG. 20C.

The basic structure of the electric device 70 according the
present embodiment is thus completed.

Hereafter, a step of bonding solder bumps as the external
connection terminals 29 (see FIG. 17) to portions such as the
top surface of the first drive electrode 71 exposed from the
opening portion 46a is performed. However, details of this
step are omitted.

Next, description is given of a comparative example of the
present embodiment.

FIG. 21 is a plan view of an electric device 82 according to
the comparative example. In FIG. 21, the same elements as
those in the present embodiment are denoted by the same
reference numerals used in the present embodiment and
description thereof is omitted below.

As illustrated in FIG. 21, the electric device 82 is a MEMS
switch of such a type that the beam 34x is bent by an electro-
static attraction generated between the first drive electrode 71
and the second drive electrode 72. Moreover, the electric
device 82 includes a ground pattern 49 forming a coplanar
structure together with the conductive pattern 40 described
above.

However, the electric device 82 is different from the
present embodiment in that there is no bridge electrode 45,
first ground electrode 46, and second ground electrode 48
illustrated in FI1G. 17.

Since there is no bridge electrode 45, the RE signal S
flowing through the conductive pattern 40 cannot be led out to



US 9,272,898 B2

17

the outside across the slit 34a in the electric device 82. Hence,
there is a need to provide a pad 40q at a terminal end of the
conductive pattern 40 and lead out the RE signal S from the
pad 40aq.

Accordingly, the conductive pattern 40 extends over the
entire length ofthe second portion P2 ofthe beam 34, and the
length [.3 of the conductive pattern 40 thus is longer than that
in the present embodiment. The electrical resistance of the
conductive pattern 40 thereby increases and a loss occurs in
the RF signal S.

Sixth Embodiment

In each of the first to fifth embodiments, the length of the
conductive pattern 40 is reduced by providing the bridge
electrode 45, and the loss of the RE signal is thereby sup-
pressed.

In a sixth embodiment, description is given of an electric
device which does not require bridge electrode 45.

FIG. 22 is a plan view of an electric device 90 according to
the sixth embodiment. In FIG. 22, the same elements as those
described in the first to fifth embodiments are denoted by the
same reference numerals used in these embodiments and
description thereof is omitted below.

The electric device 90 is a MEMS switch in which a beam
34x is bent by a drive force of a piezoelectric element Q as in
the first embodiment, but is different from the first embodi-
ment in that there is no bridge electrode 45 (see FIG. 5).

FIG. 23 is a cross-sectional view taken along the line IX-IX
of FIG. 22.

As illustrated in FIG. 23, in the present embodiment, the
thickness of the beam 34x is made smaller in a second portion
P2 than in a first portion P1, and thereby the stiffness of the
second portion P2 is made lower than that of the first portion
P1.

By making the stiffness lower in this manner, the length X2
of'the second portion P2 required to maintain the flexibility of
the beam 34x can be made smaller than the length X1 of the
first portion P1. As a result, the length of a conductive pattern
40 formed in the second portion P2 can be made smaller than
that in the first embodiment. Hence, a loss in the RF signal S
due to the electrical resistance of the conductive pattern 40
can be suppressed even when the RF signal S is not lead out
by the bridge electrode 45 (see FIG. 5).

There are no particular limitations on a method of reducing
the thickness of the beam 34x in the second portion P2.

FIG. 24 is a cross-sectional view illustrating an example of
a method of reducing the thickness.

In this method, a fourth resist pattern 95 is formed on a
surface of a base member 31 before the step of FIG. 9A in the
first embodiment. Then, a silicon film 34 is half-etched by
RIE using a SF, gas as an etching gas, with the fourth resist
pattern 95 used as a mask, and the thickness of a portion the
silicon film 34 corresponding to the second portion P2 is
thereby reduced to about 10 pm.

Thereafter, the steps of FIGS. 9B to 9M described in the
first embodiment are performed, and a basic structure of the
electric device 90 illustrated in FIG. 23 is thereby completed.

Description has been given above of the electric device 90
of such a type that the beam 34x is bent by the piezoelectric
element Q. However, the present embodiment is not limited to
this type.

FIG. 25 is aplan view of an electric device 97 of such a type
that the beam 34 is bent by the electrostatic attraction. FI1G.
26 is a cross-sectional view taken along the line X-X of FIG.
25.1In FIGS. 25 and 26, the same elements as those described

10

20

25

40

45

55

18

in the first to fifth embodiments are denoted by the same
reference numerals used in these embodiments and descrip-
tion thereof is omitted below.

In the electric device 97, as in the fifth embodiment, the
beam 34x is bent by an eclectrostatic attraction generated
between a first drive electrode 71 and a second drive electrode
72 and the switch is thereby turned on.

As illustrated in FIG. 26, also in the electric device 97, the
length X2 of the second portion P2 can be made smaller than
the length X1 of the first portion P1 by making the thickness
of the beam 34x smaller in the second portion P2 than in the
first portion P1. This makes it possible to suppress the loss in
the RF signal S due to the electrical resistance of the conduc-
tive pattern 40 without the bridge electrode 45, as in the
electric device 90 (see FIG. 23) described above.

All examples and conditional language provided herein are
intended for the pedagogical purpose of aiding the reader in
understanding the invention and the concepts contributed by
the inventor to further the art, and are not to be construed as
limitations to such specifically recited examples and condi-
tions, nor does the organization of such examples in the
specification relate to a showing of the superiority and infe-
riority of the invention. Although one or more embodiments
of'the present invention has been described in detail, it should
be understood that the various changes, substitutions, and
alterations could be made hereto without departing from the
spirit and scope of the invention.

What is claimed is:

1. An electric device comprising:

a base member;

a beam elastically deformable to bend upward and having
an outline partially defined by a slit formed in the base
member;

a conductive pattern provided on a top surface of the beam;

a contact electrode provided above the conductive pattern,
the contact electrode coming into contact with the con-
ductive pattern;

a bridge electrode elastically deformable, the bridge elec-
trode connecting the conductive pattern and a portion of
the base member outside the outline;

a ground pattern formed in a portion of the base member
outside the outline; and

a ground electrode extending above the beam from the
ground pattern,

wherein the beam has one end and another end, the one end
and the other end being both fixed to the base member,
and the beam includes a first portion close to the one end
portion and a second portion close to the other end
portion,

wherein a width of the first portion is wider than a width of
the second portion and

wherein the other end portion is provided with a narrow
portion having a width narrower than the width of the
second portion.

2. An electric device comprising:

a base member;

a beam elastically deformable to bend upward and having
an outline partially defined by a slit formed in the base
member;

a conductive pattern provided on a top surface of the beam;

a contact electrode provided above the conductive pattern,
the contact electrode coming into contact with the con-
ductive pattern;

a bridge electrode elastically deformable, the bridge elec-
trode connecting the conductive pattern and a portion of
the base member outside the outline;
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a ground pattern formed in a portion of the base member
outside the outline; and

a ground electrode extending above the beam from the
ground pattern,

wherein the beam has one end and another end, the one end
and the other end being both fixed to the base member,
and the beam includes a first portion close to the one end
portion and a second portion close to the other end
portion,

wherein a width of the first portion is wider than a width of
the second portion,

wherein the first portion of the beam is provided with a
piezoelectric element formed by stacking a lower elec-
trode, a piezoelectric film, and an upper electrode in this
order, and

wherein the ground electrode is located above the upper
electrode.

3. An electric device comprising:

a base member;

a beam elastically deformable to bend upward and having
an outline partially defined by a slit formed in the base
member;

a conductive pattern provided on a top surface of the beam;

a contact electrode provided above the conductive pattern,
the contact electrode coming into contact with the con-
ductive pattern;

a bridge electrode elastically deformable, the bridge elec-
trode connecting the conductive pattern and a portion of
the base member outside the outline;

a ground pattern formed in a portion of the base member
outside the outline; and

a ground electrode extending above the beam from the
ground pattern,

wherein the beam has one end and another end, the one end
and the other end being, both fixed to the base member,
and the beam includes a first portion close to the one end
portion and a second portion close to the other end
portion,

wherein a width of the first portion is wider than a width of
the second portion, and

wherein an extending direction of the bridge electrode is
orthogonal to an extending direction of the slit under the
bridge electrode.

4. The electric device according to claim 3, wherein an
extending direction of the conductive pattern is orthogonal to
the extending direction of the bridge electrode.

5. An electric device comprising:

a base member;

a beam elastically deformable to bend upward and having
an outline partially defined by a slit formed in the base
member;

a conductive pattern provided on a top surface of the beam;

a contact electrode provided above the conductive pattern,
the contact electrode coming into contact with the con-
ductive pattern;

a bridge electrode elastically deformable, the bridge elec-
trode connecting the conductive pattern and a portion of
the base member outside the outline;

a ground pattern formed in a portion of the base member
outside the outline; and
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a ground electrode extending above the beam from the
ground pattern,

wherein the beam has one end and another end, the one end
and the other end being both fixed to the base member,
and the beam includes a first portion close to the one end
portion and a second portion close to the other end
portion,

wherein a width of the first portion is wider than a width of
the second portion, and

wherein the base member is an SOI (Silicon On Insulator)
substrate in which a silicon oxide film and a silicon film
are formed on a silicon substrate in that order, and

the beam is a portion of the silicon film, and is formed by
removing the silicon substrate and the silicon oxide film
under the beam.

6. An electric device comprising:

a base member;

a beam elastically deformable to bend upward and having
an outline partially defined by a slit formed in the base
member;

a conductive pattern provided on a top surface of the beam;

a contact electrode provided above the conductive pattern,
the contact electrode coming into contact with the con-
ductive pattern;

a bridge electrode elastically deformable, the bridge elec-
trode connecting the conductive pattern and a portion of
the base member outside the outline;

a ground pattern formed in a portion of the base member
outside the outline; and

a ground electrode extending above the beam from the
ground pattern,

wherein the beam has one end and another end, the one end
and the other end being both fixed to the base member,
and the beam includes a first portion close to the one end
portion and a second portion close to the other end
portion,

wherein a width of the first portion is wider than a width of
the second portion an

wherein the contact electrode has a single protrusion com-
ing into contact with the conductive pattern.

7. An electric device comprising:

a base member;

a beam elastically deformable to bend upward and having
an outline partially defined by a slit formed in the base
member;

a conductive pattern provided on a top surface of the beam;

a contact electrode provided above the conductive pattern,
the contact electrode coming into contact with the con-
ductive pattern; and

a bridge electrode elastically deformable, the bridge elec-
trode connecting the conductive pattern and a portion of
the base member outside the outline,

wherein the beam has one end and another end, the one end
and the other end being both fixed to the base member,
and the beam includes a first portion close to the one end
portion and a second portion close to the other end
portion, and

wherein a width of the first portion is wider than a width of
the second portion.
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